per 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 4 : 
G01B 11/02, 11/03 



Al 



(1 1) Internationa] Publication Number: WO 88/ 02846 

(43) International Publication Date : 2 1 April 1 988 (21 .04.88) 



(21) International Application Number: PCT/GB87/00746 

(22) International Filing Date: 20 October 1987 (20.10.87) 

(31) Priority Application Number: 8625054 

(32) Priority Date: 20 October 1986 (20.10.86) 

(33) Priority Country: 



GB 



(71) Applicant (for all designated States except US): REN- 

ISH AW PLC [GB/GB] ; Gloucester Street, Wotton-un- 
der-Edge, Gloucestershire GL12 7DN (GB). 

(72) Inventor; and ^ 
(75) Inventor/Applicant (for US only) : McMURTRY, David, 

Roberts [IE/GB]; 20 Tabernacle Road, Wotton-under- 
Edge, Gloucestershire GL12 7EF (GB). 

(74) Agents: WAITE, J. et aL; Patent Department, Renishaw 
pic, Gloucester Street, Wotton-under-Edge, Glouces- 
tershire GL12 7DN (GB). 



(81) Designated States: AT (European patent), BE (Euro- 
pean patent), CH (European patent), DE (European 
patent), FR (European patent), GB (European pa- 
tent), IT (European patent), JP, LU (European pa- 
tent), NL (European patent), SE (European patent), 
US. 



Published 

With international search report. 
Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt 
of amendments. 



(54) Title: OPTICAL MEASURING PROBE 



(57) Abstract 

In an optical measuring probe a laser beam generator (10) produces 
a laser beam (12) which is directed through a half-silvered miror (16) and a 
focussing lens system (18) to form a focal spot adjacent a surface (20) to be 
measured. Light reflected from the surface (20) is deflected by the half-sil- 
vered mirror (16) onto a focus detector module (22) which determines 
when the focal spot coincides with the surface. To make measurements of 
the position of the surface the lens system (18) comprises a lens mounted 
on a planar spring (32) for oscillation at a pre-selected frequency through a 
pre-selected amplitude by an electro-magnetic coil system (34, 36) driven 
by an oscillator (38) whereby the focal spot passes through the surface (20). 
The focus detector module produces a signal each time the focal spot coin- 
cides with the surface. The signals are sent to the machine on which the 
probe is mounted, and the x, y and z co-ordinates of the machine scales are 
read and stored each time a signal is received. Since the position of the 
probe with respect to the machine spindle is fixed and the position of the 
lens within the probe in the undeflected state of the spring is also fixed, the 
position of the surface can be determined accurately and with high fre- 
quency for scanning purposes. For increasing the range of operation of the 
probe a servo-system for moving the probe as a whole in dependence on 
signals generated from the focus detection circuit, and a focus detection 
circuit of increased range are also described. 
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OPTICAL MEASURING PROBE 



The present invention relates to optical probes for use 
in making measurements of surfaces. 

It is known in laser disc scanning systems to focus a 
5 laser spot onto a moving , surf ace and to receive 

reflected light from the surface. The moving surface 
is formed with an array of spaced projections all of 
the same height and the laser beam is arranged to be in 
focus only at one height. Thus the light reflected 

10 from the surface will vary in intensity as the 

projections pass through the beam. By detecting the 
variations in the intensity of the reflected light and 
producing electrical signals corresponding thereto, a 
pattern of electrical signals can be made to correspond 

15 to the pattern of the projections on the disc. 

Such a system however simply reproduces the pattern 
electrically and has no capability for measuring the 
heights of the projections. 



It is also known from UK Patent Specification 
No. 2,183,418A to mount the final lens of such a system 
for limited movement along the axis of the laser beam 
and to use a signal from the detector as an error 

25 signal for a servo system which moves the lens so that 
as the spot moves out of focus the error signal sent to 
the servo-system causes the servo-system to move the 
lens to bring the spot back into focus. By measuring 
the movement of the servo-system, which is proportional 

30 to the change in height of the Burface, the system can 
be given a limited measuring capability. 



20 



An object of the present invention is to provide a 
simplified laser scanning system with the capability of 




# 
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making limited measurements of the surface, and which 
avoids the need for a servo-system to measure the lens 
movement. 

5 This object is achieved in accordance with the 
invention as claimed in the appended claims by 
focussing a light beam through a lens system onto a 
surface to be measured, causing the focal point of the 
beam to undergo an oscillating movement of known 
10 frequency and amplitude along the axis of the beam and 
detecting the instantaneous positions of the lens when 
the focal point of the light beam is co-incident with 
the surface by means of a focus detector module. 

15 «Since the focal point of the light beam will oscillate 
between known points above and below the surface as the 
surface moves through the beam, by detecting the 
instants in the cycle of the oscillations when the 
fo cussed spot at the fo-cal point of the light beam 

20 coincides with the plane of the surface, the height of 
the surface at the position of such coincidence can be 
determined relative to any previous position. 

The advantage of such a system is that only a 
25 relatively simple focus detection circuit is required 
to detect the in-focus condition of the spot, and no 
high speed servo-system is needed to keep the spot in 
focus. The light beam is preferably collimated or is 
a coherent light beam from a laser beam generator. 



reference to the accompanying drawings in which : 

Fig. 1 shows diagrammatically the layout of the 
components of the optical measuring probe and focus 
35 detector module of the present invention, 

Fig. 2 shows the focus error signal produced by the 



Examples of the invention will now be described with 
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focus detection circuit, 

Fig* 3 is an electric circuit diagram illustrating 
the electrical components required for converting the 
detector signals of Fig. 1 into measurement 
5 information, 

Figs. 4a to 4c shows the wave form diagrams of some 
of the electrical components shown in Fig. 3, and 

Fig. 5 shows diagrammatically the system on the 
spindle of a co-ordinate measuring machine. 



Referring now to Fig. 1 there is shown an optical 
measuring probe having a housing 2 within which is 
mounted a laser beam generator 10 of any convenient 
type e.g. a semi-conductor laser. The laser beam 
15 generator includes a lens 14 which produces a coherent 
beam 12 which is directed to a half-silvered mirror 16, 
From the mirror the beam 12 passes through a second 
lens system 18 which focusses it down to a very small 
spot adjacent to the surface 20 to be measured. 



Light reflected from the surface 20 returns through the 
lens 18 system to the mirror 16 where it is reflected 
through 90° to a focus detector module 22 within the 
housing 2. Detector module 22 includes a focussing 

25 lens 24, a prism 25, a photo-diode detector array 26 
and a focus detection circuit 27. The photo-diode 
detector array 26 produces an output in dependence on 
the amount of light falling on it from the mirror. The 
reflected light from the mirror 8 is focussed by the 

30 lens 24 onto the plane of the photo-diode array and 
passes through the prism 25 which splits it into two 
beams directed towards two specific pairs of 
photo-diode detctdrs A , B and C,D within the array. 



10 



20 



35 In order to provide a signal of variable intensity from 
the output of the focus detector module 22 for 
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measuring purposes, the lens system 18 comprises a lens 
19 which is mounted from the housing 2 of the probe by 
means of a planar spring 32. The spring 32 provides 
support for the lens against transverse or rotational 
5 movement, but allows movement ,to take place in a 
direction axially of the beam 12 within a limited 
range. Such movement is provided by a drive mechanism 
of any convenient type, e.g» a piezo electric 
mechanism, or as shown in the Figure, an 
10 electro-magnetic device, consisting of a ring magnet 
34, (or a plurality of individual magnets) surrounding 
the lens and operated by a coil 36 driven by a voltage 
controlled oscillator 38, 

15 Since the focal point of the lens is at a constant 

distance from the lens, the oscillating movement of the 
lens in the direction of the light beam will cause the 
focal spot to move alternately above and below the 
plane of the surface 20 of the workpiece. The focus 

20 detector module 22 determines when the focal spot is 
coincident with the surface 20 as will be described 
below with reference to Fig* 3. 

The range of vertical movement of the lens, and hence 
25 of the focussed spot can be predetermined by a 
suitable choice of spring and magnetic drive. 

Thus if, for example, the frequency of the oscillator 
is 50 cycles per second and the range of movement of 

30 the focussed spot is +100 microns then the spot will 
move 200 microns in one fiftieth of a second and will 
be focussed on the surface 20 twice in that period. If 
the surface does not move, or has no variation in 
height, and if the probe is initially set up so that 

35 the spot is focussed on the surface in the centre of 
the range of movement of the lens, i.e. in the 
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undeflected state of the spring, the two signals from 
the detector as the spot focusses twice will occur 
half-way through and at the end of each cycle of the 
oscillation respectively. Where a change in height of 
5 the surface occurs, the signals will occur either 

earlier or later in the cycle, and a timing device in a 
processing part of the probe electrical circuit will 
enable that position to be determined as will be 
described hereinafter with reference to Fig 3. 

10 

Determination of the instant at which the focal point 
of the beam 12 lies on the surface 20 is as follows: 

The components of the focus detector module 27 are 

15 arranged such that when the light beam 12 is focussed 
onto the surface 20, with the spring 16 in its central, 
i.e. unstrained position, the reflected light will be 
focussed towards the spaces between the photo-diodes 
A, B and C,D in each pair. The light spots formed by 

20 the prism in the spaces are arranged, in this focussed 
condition, to equally overlap the edges of the two 
detectors A, B and C,D on each side of the respective 
spaces. When relative movement between the surface 20 
and the probe causes the focal point of the light beam 

25 to move to a position above or below the surface 20, 

the two beams leaving the prism 25 will become more or 
less divergent, and the spots formed by them on the 
photo-diode pairs will both move either more towards 
the outer two detectors A and D, or towards the inner 

30 two detectors B and C, The result is that the amount 
of light received by the outer two detectors A and D 
will either increase or decrease and at the same time 
the amount of light received by the inner two detectors 
B and C will respectively decrease or increase. 

35 



Referring now to Fig. 3 the outputs of the outer two 
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detectors A and D ere connected at a summing junction 
40, and the outputs of the inner two detectors B and C 
are connected at a summing junction 41. The outputs of 
the two summing junctions 40 and 41 are subtracted at a 
5 further junction 42 which pro'duces an output 43 in the 
form shown by the curve 44 of Fig. 2. The distance x, 
between the two peaks of the curve, gives the working 
range of the detector as the focal point of the light 
. beam 12 moves up and down, and the amplitude of the 

10 peaks y, gives a focus error signal. A zero-crossing 
detector circuit 45 (known per se) is used to determine 
the point 0 on curve 44 in the working range of the 
detectors at which the difference in the outputs of the 
outer and inner detectors is zero, which indicates that 

15 the beam 12 is focussed on the surface 20. The 

zero-crossing detector circuit produces an output 46 in 
the f+orm of a pulse every time a zero-crossing is 
detected. 

20 However, the optical measuring probe in operation will 
often be outside the working range x of the focus 
detectors, since this is limited to a few microns of 
relative movement between the surface 20 and the probe. 
As the surface moves further away from the focal point 

25 of the light beam, the reflected light becomes more 
diffused, and the spots formed by the prism 25 on the 
detector pairs A, B and C,D become rapidly larger and 
less intense until they cover both detectors, and the 
difference signal from junction 42 tends to zero. This 

30 would give a false trigger signal from the zero 

crossing detector at point xi or xz outside the working 
range of the detectors. 

In order to avoid this and to increase the working 
35 range of the probe a validating circuit is introduced 
into the focus detection circuit and which is arranged 
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to determine when the zero-crossing point on curve 44 
lies inside the working range of the detectors and 
outputs a signal accordingly. Such a validating 
circuit is described in our co-pending UK application 
5 entitled "Focus Detection Circuit for use in Optical 
Measuring Systems" filed on 20 October 1987. 

Those parts of the detector array 26 other than the 
focus detectors A,B C and D will be illuminated by 

10 light spilling around the focus detectors when the 

light spots generated by the prism become enlarged as 
the surface 20 moves away from focus. The outputs of 
all of the remaining detectors i.e. except the focus 
detectors A,B C and D are connected together to form a 

15 single output G. The remaining detectors are 
hereinafter collectively referred to as a guard 
detector 47. 

The focus detector module will only operate correctly 
20 when the light from the prism forms two defined spots 
on the focus detector pairs A, B and C,D. If this is 
not the case, i.e. when the light beam 12 is far from 
beng focussed on the surface 20, the guard detector 47 
and the focus detector pairs will be weakly illuminated 
25 by the received light. The ratio of the signals from 
the guard detector and the sum of the signals from the 
detector pairs A, B and C,D will be proportional to the 
areas of the respective detectors. 

30 As the probe approaches focus, the intensity of diffuse 
illumintion across all of the detectors will increase, 
and the ratio of the signals described above will 
remain constant until the point is reached where the 
two spots from the prism begin to be defined on the 

35 focus detector pairs A, B and C,D. The output from the 
guard detector will then start to drop while the output 
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from the focus detector pairs increases. A threshold 
ratio can be set at the level at which the focus 
detector pairs A,B and C,D are within their working 
range and a validation signal generated when this level 
5 is reached. Only those zero-crossing signals developed 
while the validation signal is present will then be 
sent to the machine as true measurement signals. 

In Fig. 3 the part of the focus detection circuit for 
10 providing the validation signal is shown as including a 
divider 52 which receives the output G from the guard 
detector as a first input, and the sum of the ouputs of 
the four focus detectors A,B, C and D via a summing 
junction 54 as a second input F. The divider provides 
15 *an output VR equal to the ratio of inputs G:F. The 
output VR of the divider is passed to a comparator 56 
which also receives a reference voltage V ref. and 
outputs the validation signal SV when the ratio G:F 
falls below the threshold value. 

20 

As described above the signals SV from the validation 
circuit and 46 from the zero-crossing detector are 
arranged to be positive and are passed to an AND gate 
48 which produces a validated output pulse 49 from the 
25 detector module when signals SV and 46 are present at 
the same time. 

By moving the surface with respect to the probe, or by 
moving the probe with respect to the surface on a 
30 co-ordinate measuring machine, the profile of the 
surface can be measured as follows: 

The validated output pulse 49 of the focus detector 
module is fed to the scale reading apparatus on the . 
35 measuring machine in a known manner to initiate -reading 
and storing of the scale measurements. 
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The position of the surface in the x-y horizontal plane 
may be determined by reading the machine scales every 
tine a validated detector output pulse is received and 
storing the readings in the machine memory. The 
5 position of the probe is known in the vertical axis by 
reading the machine scale, and the position of the 
focussed spot in the undeflected state of the spring is 
determined in the x,y and z axes by an initial 
calibration of the machine with the probe fitted. 

10 

As the relative movement is generated between the probe 
and the surface one hundred, readings per second of the 
vertical position of the surface can be made using the 
validated output signal and on each occasion the x-y 

15 co-ordinates of the surface will be read from the 

machine scales. Where the scale reading devices cannot 
provide readings at sufficient speed, the scales may be 
read at less frequent intervals, e.g. twenty times a 
second and the x,y measurement interpolated, if 

20 required, in between. 

To determine the actual position of the surface 
relative to the probe, the timing of the in-focus 
signals from the focus detector module relative to the 
25 lens movement cycle is determined. That is whether or 
not the in-focus signals are occurring earlier or later 
in the cycle than previous signals. 

Fig. 4a illustrates the movement of the focal spot 
30 relative to the surface 20, as the surface travels from 
right to left of the Fig. While the surface is level 
the in-focus points are evenly spaced at mid range of 
the movement of the lens. 

35 Fig. 4b shows the frequency of the validated in-focus 
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pulses 49 produced by the focus detection circuit and 
it can be seen that while the surface remains at a 
constant distance from the lens the pulses are evenly 
spaced. When the surface moves closer to the lens 
5 however, the pulses generated during the upward 
movement of the lens are delayed while the pulses 
generated during the downward movement of the lens are 
early compared to the previous pulses. 

10 The timing circuit shown in Fig. 3 determines the 
interval £±T by which the pulses are early or late. 

Referring to Fig. 3 the oscillator 38 is arranged to 
provide a triangular wave form so that the relationship 
15 between the movement of the lens and time is linear, 
the triangular waveform is converted to a square wave 
form in a convertor 58 and the period of the square 
wave is identical with the period of the triangular 
wave. 

20 

Fig- 4c shows the relationship of the square wave to 
the validated pulses coming from the focus detector 
circuit. 

25 As can be seen the rising and falling edges of the 

square wave are in time with the pulses when there is 
no relative movement between the surface and the probe. 
When relative movement occurs a variation occurs. 

30 The timing circuit 60 receives the square wave from 
converter 58 and a clock pulse 62 from a clock pulse 
generator 63 with .a frequency in the tfega Hertz range, 
and compares the relative timing of the rising edge of 
the square wave with the arrival of the detector pulse 

35 49 and computes the time difference which is 

proportional to the relative movement. ^T may be 
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described as positive if the pulse appears before the 
rising edge and negative if it appears after the rising 
edge. 

5 As seen from Fig. 4c the periods -A** t - A^a , -A?3 
can therefore be calculated and the relative movement 
of the surface and probe determined. 

This value is passed to a micro processor 64 along with 
10 the reading of the vertical machine scale and an ouput 
provided which shows the position of the surface on the 
vertical Z co-ordinate axis. 

Thus the invention provides a scanning probe which is 
15 capable of measuring the position of a surface within 
certain limits without the need for a servo-system. 

If greater movement in the vertical direction is needed 
to enable measurements of surfaces to be made where the 

20 relative movement between the probe and the surface is 
outside the limits of movement of the lens system 18, 
this can be achieved by driving the vertical machine 
spindle up and down in known manner as shown in Fig. 5. 
This will require an error signal to be sent from the 

25 detector circuit to the machine when the change in 
height of the surface exceeds a pre-determined limit 
say 25 or 50 microns where the total range of the lens 
oscillation is 200 microns. The error signal can be 
used to cause the motor driving the vertical spindle of 

30 the machine to move the spindle in the appropriate 

direction in known manner to bring the surface back to 
the middle part of the range of movement of the 
focussed spot. 

35 The error signal can be the signal A T produced by the 
timing circuit which will be in digital form, and , 
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where the machine has digital drive, can be passed 
directly to the machine drives. Otherwise the signal 
would be passed via an analogue to digital converter 
referenced 66 in Fig. 4 and an analogue signal sent to 
the machine. The signal is made proportional to the 
size of the error A? so that the greater the error the 
faster the machine will drive the spindle to restore 
the surface to the middle of the range of movement of 
the probe lens. 

Fig. 5 shows diagrammatically a machine spindle 70 on 
which the probe is mounted and a drive 7:2 adapted to 
receive the error signal 49 from the detector to move 
the spindle up or down as required. Such mechanisms 
are well known in the art and need not be described in 
detail in this specification. 

Although the embodiment described above uses an 
oscillator to move the lens system 18, it is clear that 
20 the necesary relative movement between the focal point 
of the light beam 12 and the surface 20 could be 
achieved by other means. For example the laser beam 
generator 10 could be mounted for oscillating movement 
in which case the collimating lens 14 would need to be 
25 mounted on static structure in the probe housing 
separately from the laser body. 

In another alternative arrangement the probe housing 
itself including the detector system may be mounted 
30 within an outer housing for oscillating movement. If 
such a system is used then the probe may also be 
mounted in such a manner that it has the capability of 
moving tbe focal spot in the x and y directions of the 
co-ordinate measuring machine. To accomplish this the 
35 probe may, for example, be mounted on two pairs of 

parallel leaf springs in series, each pair of which may 
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10 



15 



20 



be driven in like manner to the lens drive system 
described above to provide a range of movement of say 
100 microns in each of the two directions. A mounting 
system of this type is described in relation to a 
different probe system in our co-pending patent 
application of the same date entitled 
"Position-Determining Apparatus" . 

Such a system would require two more detectors to 
provide signals depending on the position of the 
reflected spot in the x and y directions within the 
range of movement of the two drive systems. Such x and 
y measurement capability would allow more accurate 
determination of the position of edge surfaces with 
very steep slopes which could be missed with a one-axis 
system described in detail above. Once again, if a 
greater range of movement was required the detectors 
could be arranged to send error signals to the drive 
mechanisms of the co-ordinate measuring machine to 
enable the greater movements of the machine slides in 
the x and y directions to be added to the smaller 
movements of the electro-magnetic drive system of the 



In a further alternative embodiment the laser beam 
generator 10 and lens 14 are replaced by a system for 
producing a collimated light beam. 



probe . 



30 



It will also be understood that part or all of the 
circuitry described in Fig. 4 may be incorporated 
within the probe housing 2. 
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CLAIMS: 

1. An optical measuring probe comprising a light 
source for generating a light beam, means for focussing 
the light beam to a focal point, a focus detector 
module for receiving light from a surface to be 

5 measured which is placed in the path of the light beam 
said focus detector module being capable of providing 
an output signal when the focal point of the light beam 
is coincident with said surface, characterised in that 
means are provided for causing the focal point of the 

10 light beam to oscillate at a pre-determined amplitude 
and frequency relative to said surface whereby when 
said surface lies within the range of oscillatory 
'movement of the focal point of the light beam a 
plurality of signals will be produced by the focus 

15 detector module from which the position of the surface 
is determined. 

2. An optical measuring probe as claimed in Claim 1 
in which the light beam generated from the light source 

20 is a collimated or coherent light beam. 

3. An optical measuring probe as claimed in Claim 1 
in which the means for focussing the light beam to a 
focal point comprises a lens system. 

25 

4. An optical measuring probe as claimed in Claim 3 
in which the lens system comprises a lens, and a 
resilient mounting for the lens which allows movement 
of the lens in the direction of the light beam while 

30 supporting the lens against rotation about, or 

transverse movement relative to, an axis extending in 
the direction of the light beam. 



An optical measuring probe as claimed in Claim 4 
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in which the means for causing the focal point of the 
light beam to oscillate comprises drive means connected 
to the lens system and an oscillator arranged to cause 
oscillation of the drive means* 

5 

6. An optical meauring probe as claimed in Claim 1 
in which the focus detector module comprises a 
focussing lens, a prism, a photo-diode detector array 
and a focus detection circuit and wherein the focus 

10 detection circuit produces two output signals during 
each cycle of oscillation of the focal point of the 
light beam the probe further comprising a timing 
circuit, a clock pulse generator and means for 
providing a square wave signal derived from the 

15 oscillator, the timing circuit being arranged to 

receive as inputs the signal from the focus detection 
circuit, the square wave and a clock pulse from the 
clock pulse generator and to provide an output 
indicative of the period of time A? by which the 

20 output signals from the focus detector module occur 
earlier or later in the cycle of oscillation of the 
focal point of the light source compared with a 
previous one of said output signals, and the probe 
further comprising means for deriving signals 

25 indicative of the position of the surface relative to 
the probe from the output of the timing circuit. 
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